. One of the seminal findings from the early use of academic multibeam sonars was that the elongate fast-spreading ridge axis was actually divided into discontinuous segments Fox, 1983, 1988; Lonsdale, 1983 e.g., Detrick et al., 1987; Vera et al., 1990; Kent et al., 1993; Harding et al., 1993; Toomey et al., 1994; Wilcock et al., 1995; Barth and Mutter, 1996; Toomey, 1997, 2001; Dunn et al., 2000) . Wright et al., 1995; Shank et al., 1998; Fornari et al., 1998a,b; Perfit and Chadwick, 1998; White et al., 2002 White et al., , 2006 . These studies began to 
Albatross expedition in the late 1890s.
The Albatross Plateau became the accepted name for the southern EPR in tribute to those early explorations (Murray and Renard, 1891) . Menard (1960 Menard ( , 1964 (Hess, 1960) where Earth's oceanic volcanic crust is formed (Dietz, 1961) focused much attention on comparisons between Pacific and Atlantic mid-ocean ridges. At the time, a debate began, focused on the position of each ridge within its ocean basin and their markedly different morphologies, and the consequent implications for their origin and context within the developing plate tectonic theory (e.g., Heezen et al., 1959; Menard, 1960) . Part of the motivation for studying the EPR in the late twentieth and early twenty-first century sprang from those early observations of the dramatic differences between slow-and fast-spreading MORs, and the idea that the best place to adequately resolve volcanic processes at mid-ocean ridges was to look at magmatically robust spreading centers, where the ridge was behaving like an elongate volcano (e.g., Lonsdale, 1977 Lonsdale, , 1985 .
Much of the EPR is likely volcanically active, but one area near 9°50'N stands out because it has experienced two documented volcanic eruptions since 1990 (e.g., Rubin et al., 2012, in America-what we now recognize as the East Pacific Rise (EPR; Menard, 1960 Menard, , 1964 . The southern EPR was first recognized by early soundings carried out on the HMS Challenger expedition in the 1870s and then followed by the aBStr act. The East Pacific Rise from ~ 9-10°N is an archetype for a fastspreading mid-ocean ridge. In particular, the segment near 9°50'N has been the focus of multidisciplinary research for over two decades, making it one of the best-studied areas of the global ridge system. It is also one of only two sites along the global ridge where two historical volcanic eruptions have been observed. This volcanically active segment has thus offered unparalleled opportunities to investigate a range of complex interactions among magmatic, volcanic, hydrothermal, and biological processes associated with crustal accretion over a full magmatic cycle. At this 9°50'N site, comprehensive physical oceanographic measurements and modeling have also shed light on linkages between hydrodynamic transport of larvae and other materials and biological dynamics influenced by magmatic processes. Integrated results of highresolution mapping, and both in situ and laboratory-based geophysical, oceanographic, geochemical, and biological observations and sampling, reveal how magmatic events perturb the hydrothermal system and the biological communities it hosts.
deVelOpiNg a multidiScipliNary apprOach tO StudyiNg mid-OceaN ridgeS
With the discovery of high-temperature black smoker hydrothermal vents at 21°N on the EPR in 1979 (Spiess et al., 1980) , and a series of primarily US and French cruises throughout the 1980s and early 1990s along the northern EPR and in several of its major transform faults, the EPR between ~ 8°N and 21°N
( Figure 1 ) became a focal point for geological, geophysical, biological, and hydrothermal research (e.g., Orcutt et al., 1976; Francheteau et al., 1979; RISE Project Group, 1980; Francheteau and Ballard, 1983; Hekinian et al., 1983a,b; Lonsdale, 1983; Macdonald and Fox, 1983; Fustec et al., 1987; Fox and Gallo, 1989; Pockalny et al., 1997) . One of the seminal findings from the early use of academic multibeam sonars was that the elongate fast-spreading ridge axis was actually divided into discontinuous segments Fox, 1983, 1988; Lonsdale, 1983) . This segmenta- (Figure 2; e.g., Detrick et al., 1987; Vera et al., 1990; Kent et al., 1993; Harding et al., 1993; Toomey et al., 1994; Wilcock et al., 1995; Barth and Mutter, 1996; Toomey, 1997, 2001; Dunn et al., 2000) .
These studies defined how melt was distributed beneath the EPR crest and allowed investigators to better understand relationships between melt storage and delivery processes, the morphology and structure of the ridge crest, and relationships to sites of hydrothermal venting (e.g., Langmuir et al., 1986; Reynolds et al., 1992; Baker et al., 1994; Perfit et al., 1994; Kelemen et al., 1995; Von Damm, 1995; Lundstrom et al., 1999; Schouten et al., 1999 and 9°56'N (white et al., 2006) . a higher-resolution bathymetry data set (5 m resolution) collected in 2001 by the autonomous underwater vehicle (auV) ABE is overlain and shows greater details of the volcanic terrain (Fornari et al., 2004; escartín et al., 2007) . a black line shows the extent of the lava flows produced during the 2005-2006 eruption , and high-temperature vents are indicated by blue diamonds. a perspective view from the northeast is at left. The em300 bathymetry is elevated above a regional bathymetric map (macdonald et al., 1992) . multichannel seismic reflection data collected in 2008 (carbotte et al., 2012, in this issue) are shown relative to the em300 seafloor. white labels mark the seismic crustal layer 2a/B reflector and the top of the axial magma lens. hypocenters of microearthquakes recorded during 2003-2004 from tolstoy et al. (2008) are shown by yellow dots, hydrothermal vents by red diamonds. a profile of turbidity recorded in late may 2006 appears above the em300 seafloor (cowen et al., 2007) . The epr iSS "bull's-eye" is indicated by white arrows above the turbidity profile and by a white box in the plan view map. The "eyeball" icon shows the direction of the perspective view shown in the main figure. all data depicted are available at the ridge 2000 data portal (http://www.marine-geo.org/portals/ridge2000). Wright et al., 1995; Shank et al., 1998; Fornari et al., 1998a,b; Perfit and Chadwick, 1998; White et al., 2002 White et al., , 2006 . These studies began to develop the case for causal relationships among volcano-magmatic, hydrothermal, and biological phenomena. et al., 1991, 1993) . Radiometric dating of samples taken then and later showed that the eruption began just weeks before the April 1 discovery and was likely followed by additional eruptions extending into early 1992 (Rubin et al., 1994 ; see also Rubin et al., 2012, in this issue) . et al., 1998a) and replaced by extensive areas of vigorous diffuse flow and an abundance of thick, white "bacterial" mats with no characteristic vent megafauna (Nelson et al., 1991; Lutz et al., 1994 Lutz et al., , 2001 Shank et al., 1998) . A linear array of 210 number-bearing panels dubbed "biomarkers" was deployed between 9°49.61'N and 9°50.36'N in March 1992 to facilitate assessment of temporal and spatial changes in biological and geological features over time. The resulting "Biotransect" (Shank et al., 1998) was documented using Alvin on 12 cruises between 1992 and 2005 using 35 mm, high-resolution video, and digital still camera systems (http://www. ridge2000.org/science/iss/epr/projects. php). Data from Biotransect imaging surveys and the presence of biomarkers throughout the area provided unequivocal spatial referencing that was used by the full suite of studies, including those aimed at correlating changes in biological community structure with chemical, earthquake, volcanic, and hydrodynamic activity in the region (e.g., Von Damm and Lilley, 2004; Lutz et al., 2008; Luther et al., 2008) . Soule et al., 2007; Fundis et al., 2010) . maps shown in each panel (a-c) were compiled using bathymetric data available at the ridge 2000 data portal (carbotte et al., 2004; ryan et al., 2009 ; http://www.marine-geo.org/portals/ridge2000).
Observers diving in
(b) Bathymetric map of the epr crest near 9°50'N made using 675 khz scanning altimetric sonar on the autonomous underwater vehicle ABE (Autonomous Benthic Explorer) during cruise at7-4 on r/V Atlantis in 2001 (Fornari et al., 2004) . ABE data were gridded at 5 m intervals, while the background em300 multibeam data (white et al., 2006) were gridded at 30 m intervals (note pixilated texture of lower resolution bathymetric data). The estimated extent of 2005-2006 lava flows is shown as a black line and is based on images acquired by towcam and Alvin during several cruises to the area (cowen et al., 2007; Soule et al., 2007; Fundis et al., 2010) . pre-eruption vent sites shown correspond to labels in Figure 3a . The yellow dot is Q vent and the red dot is Bio 9 vent.
(c) perspective view (constructed in QpS Fledermaus™) of near-bottom multibeam data acquired in the axial summit trough (aSt) using the remotely operated vehicle Jason at the epr near 9°50'N in mid-2007, the year following the most recent volcanic eruptions. The view is to the north-northwest. data were gridded at ~ 2 m pixels and cover the area between 9°50.0'N and 9°51.1'N. Note the aSt offset (to the west) near 9°50.5'N, just south of m and Q vent locations. Those vents are located on the east wall of the aSt and align with the extension of the eruptive fissures that comprise the aSt south of that location. most of the other vents are located along primary eruptive fissures within the aSt floor (Fornari et al., 2004) . The aSt floor in the southern portion of the image is shallower and more complex compared to the deeper and more prominent fissured terrain to the north and especially around the Bio 9 and p vent area. interestingly, the plan view morphology of the aSt width in the breakout area along the west wall north of those vents remained unchanged by the most recent volcanic outpourings. grey dots show vent locations also shown in (b), with a yellow dot for Q vent and a red dot for Bio 9 vent. width across the bottom of the data swath is ~ 150 m.
vents were nearly all located in or proximal to the axial trough (Fornari et al., 2004; Escartín et al., 2007; Soule et al., 2009 ). It would not take long to learn how frequent these eruptions were.
In Experimental studies of Fournier (1983) and Von . time-series changes in dissolved chloride for p (blue) and Bio 9 (red) vents at epr 9°50'N (see Figure 3 for locations). The data used are from Von damm (2000, 2004, and unpublished data) . These data indicate that these vents responded differently to the magmatic events in 1991-1992 and 2005-2006 , although in both cases a relatively rapid return to pre-event conditions is suggested. moreover, data indicate that vents closely spaced at the seafloor have distinct and complex plumbing systems that tap different source fluids at depth (e.g., Fornari et al., 2004) . (1998) and Von Damm and Lilley (2004) . At most sites, the succession of the biological community from microbial mats to tubeworm-dominance to musseldominance and increasing species richness followed a trend of decreasing temperatures, total sulfide concentrations, and hydrothermal flux over time.
In addition, comprehensive experiments revealed the physiology and metabolic functions of deep-sea vent fauna (Childress and Fisher, 1992) , and they were combined with studies of biological community structure at EPR hydrothermal vents, including initial studies of larval dispersal (e.g., Mullineaux et al., 2005) and colonization (e.g., Mullineaux et al., 1998; Shank et al., 1998) The discovery of a seafloor eruption at the east pacific rise (epr) in 1991 presented an opportunity to examine the colonization and assembly of macrofaunal communities at newly formed diffuse-flow vents as well as to document the changes in community composition (Shank et al., 1998) Following the 1991 eruption, the pattern of ecological succession at diffuse-flow vents was generally correlated with decreasing temperatures and concentrations of hydrothermal fluids over time (Shank et al., 1998) . at new diffuse-flow hydrothermal vents, the tubeworms Tevnia jerichonana were the initial megafaunal settlers, followed by the colonization of the larger tubeworm Riftia pachyptila, which dominated most of the diffuse-flow habitats within 2.5 years (Shank et al., 1998) . although differences in the habitat preferences of T. jerichonana and R. pachyptila (luther et al., 2012 , in this issue) may determine the sequence of colonization, R. pachyptila only colonized basalt block deployments (see figure) that were also colonized by T. jerichonana (mullineaux et al., 2000) but not the uninhabited tubes of T. jerichonana (hunt et al., 2004) . together, these studies suggest that a biogenic cue produced by T. jerichonana may facilitate recruitment of R. pachyptila in the early stages of community development after a seafloor eruption. Once R. pachyptila was established as the dominant foundation species, recruitment of additional R. pachyptila appeared to occur in pulses throughout the vent field (Thiébaut et al., 2002) . larvae of the mussel Bathymodiolus thermophilus settled within and outside of R. pachyptila aggregations and became the dominant foundation species more than five years after the eruption. although mussels were associated with cooler temperatures and lower concentrations of hydrothermal fluids (luther et al., 2012 , in this issue), biotic factors seem to have also contributed to the change from tubeworm to mussels, including changes in larval supply and recruitment. in addition, the shift in community composition may have been due to post-settlement factors, including the redirection of hydrothermal fluids (Johnson et al., 1994 (Johnson et al., , lutz et al., 2008 and the ingestion of R. pachyptila and other invertebrate larvae by adult mussels (lenihan et al., 2008) .
Because larval supply and colonization were being monitored at the epr iSS prior to the 2005-2006 eruptions, the most recent eruptions provided a natural experiment to investigate the role of larval supply in recolonization of the site. prior to the 2005-2006 eruptions, gastropods (mostly Lepetodrilus species) were the numerically dominant epifauna in aggregations of R. pachyptila (govenar et al., 2005) and B. thermophilus (dreyer et al., 2005) and exhibited gregarious settlement but discontinuous recruitment due to high juvenile mortality resulting from predation by fish (e.g., Sancho et al., 2005) . Following the 2005-2006 eruptions, however, two other species-L. tevnianus and Ctenopelta porifera-became the numerically dominant epifaunal gastropods. The reproductive traits of L. tevnianus and C. porifera were similar to the previously dominant gastropod species and did not explain the settlement or recruitment of these pioneers (Bayer et al., 2011) . instead, it appears that the supply of larvae had drastically changed. The eruption seems to have removed the local sources of the previously dominant gastropods, enabling colonization by pioneer larvae such as C. porifera and L. tevnianus from distant sources (mullineaux et al., 2010) . with respect to the megafauna, the patterns of ecological succession following the 2005-2006 eruptions initially appeared to be similar to what was observed after the 1991 eruption, but more than two years later, the tubeworm T. jerichonana remained the dominant megafaunal species over R. pachyptila at most diffuse-flow vents (mullineaux et al., 2010) . Further monitoring of larval supply concurrent with multidisciplinary investigations of dispersal and colonization at the ridge 2000 iSS will reveal the specific mechanisms of abiotic factors and biological interactions in the ecological succession of vent communities following seafloor eruptions. , rates of colonization and growth (Lutz et al., 1994) , and observed temporal changes in biological community structure (species composition and colonization order).
Manipulative experiments also revealed that interactions between species, such as facilitation and settlement cues (Mullineaux et al., 2000; Govenar et al., 2004; Govenar and Fisher, 2007) , competition (Mullineaux et al., 2003; Lenihan et al., 2008) , and predation (Micheli et al., 2002; Sancho et al., 2005) , strongly influenced community composition and development (see Govenar, 2012 , in this issue). showing that diversity is remarkably similar among geographically separated communities in both mussel beds (Turnipseed et al., 2003) and tubeworm thickets (Govenar et al., 2005) .
Microbial investigations at the EPR
Furthermore, while dispersal appears to facilitate high levels of genetic exchange between EPR segments (Craddock et al., 1997; Won et al., 2003; Hurtado et al., 2004; Plouviez et al., 2010) , Train marker (the site named after this marker) was later found 170 m south its original location with more than two dozen live (adult) mussels (Figure 7c) attached to its rope. These mussels and plastic marker (with plastic anchor rope still intact) apparently were transported on the chilled skin of lava down the center of the AST to this location. (Sohn et al., 1998 (Sohn et al., , 1999 Fornari et al., 1998b) could be related to increased heat due either to cracking and migration of the rock/water reaction zone (Wilcock, 2004) or a dike that did not produce an observed eruption (Germanovich et al., 2011) . Damm and Lilley, 2004; Nees et al., 2009; Moore et al., 2009; Luther et al., 2012, in this issue) .
An approximately symmetrical ~ 1.5 km sized hydrothermal cell is thus inferred to be in place, with circulation dominantly occurring in the along-axis Sites of upflow and inferred downflow are highly permeable, whereas the central cracking zone exhibits lower permeability (crone et al., 2011) . The blue shading in the upper crust indicates an inferred thermal gradient based on vent temperature data (Scheirer et al., 2006; tolstoy et al., 2008) . The temperature gradient may develop over a decade of localized downflow, leading to the relative cooling of vents closest to the recharge site and warming of vents further away. red lenses show inferred axial magma chamber (amc) locations (depth from Kent et al., 1993) , with a possible break implied (yellow zone) based on a gap in seismicity and a change in diffuse vent chemistry in this area along-axis (Von damm and lilley, 2004) . hydrothermal vents are labeled (see Figure 3a for locations).
direction (e.g., .
This flow geometry contrasts with previous ideas that flow was dominantly across axis, with hydrothermal recharge occurring on large off-axis faults. The high permeability afforded by abyssal hill faults was believed to be required because smaller cracks in the volcanic carapace of the ridge crest would rapidly close by anhydrite precipitation (e.g., Lowell and Yao, 2002) . However, the sustained cracking caused by repeated diking and fissuring in and adjacent to the AST (Fornari et al., 1998a; Soule et al., 2009 ) and the kink in its along-strike structure provides a mechanism to maintain permeability within a narrow, axial downflow zone.
Patterns of tidal triggering support this hypothesis that the inferred downflow zone coincident with the kink is indeed associated with high permeability in the upper crust (Crone et al., 2011) .
Elsewhere on the MOR, microearthquakes are also observed to occur preferentially during periods of highest extensional stress (e.g., Wilcock, 2001; Tolstoy et al., 2002; Stroup et al., 2007) .
Stress levels within the cracking zone directly above the AMC in the 9°50'N EPR area are likely to be highly heterogeneous , but a consistent pattern of tidal triggering is observed associated with diffusion of the tidal pressure wave (Stroup et al., 2009 ). crust (e.g., Fornari et al., 1998b; Sohn et al., 1999; Scheirer et al., 2006; Ding and Seyfried, 2007; Tolstoy et al., 2008; Stroup et al., 2009; Crone et al., 2011) . 
